Abstract: A simple method based on sucrose density gradient centrifugation is proposed here for the fractionation of colloidal silver nanotriangles. This method afforded particle fractions with surface plasmon resonances, spanning from red to infrared spectral ranges that could be used to tune optical properties for plasmonic applications. This feature was exemplified by selecting silver nanotriangle samples with spectral overlap with Atto-655 dye's absorption and emission in order to assemble dye-particle plasmophores. The emission brightness of an individual plasmophore, as characterized by fluorescence correlation spectroscopy, is at least 1000-fold more intense than that of a single Atto-655 dye label, which renders them as promising platforms for the development of fluorescence-based nanosensors.
Introduction
The conjugation of fluorescent dyes onto metal nanoparticles is a promising approach to obtain strongly emitting nanoprobes with emission intensities far superior to their isolated components. The metal nanoparticle can act as an optical antenna through its localized surface plasmon modes, thereby modifying the dye's emission properties by accelerating its excitation and decay rates [1] [2] [3] [4] [5] . The overall effect depends on the details of the plasmon near field close to the particle's surface, and it may comprise more than intensity changes [6] [7] [8] [9] [10] . The role of plasmon-molecule interactions in the emergence of unique emission properties in these systems has been adequately captured in the term plasmophore [11] [12] [13] [14] [15] .
Several aspects have to be considered in order to achieve substantial emission enhancements from a plasmophore. For instance, the dye-particle separation is crucial, because at very close distances, quenching by the metal surface mostly overcomes the near field enhancement effects on the dye's excitation and radiative decay rate [1, 2] . Typically, there is an optimal location for emission enhancement a few nanometers away from the metal surface. Another key aspect is the spectral dependence of plasmon-coupled emission [5, 16, 17] . The largest effects occur when the surface plasmon The reaction mixture was prepared from 100 µL of 0.1 M AgNO 3 , 1.5 mL of 0.1 M trisodium citrate, and 900 µL of H 2 O 2 that were diluted to a final volume of 100 mL with ultrapure water. The solution was vigorously stirred for 10 min. Then, the stirring speed was decreased, and 1 mL of 0.1 M NaBH 4 was injected. The stirring was sustained until a color variation was observed. Subsequently, the solution was centrifuged at 9000 g for 30 min. The supernatant was discarded, and 2 mL of the nanotriangle solution was retrieved.
Separation of Silver Nanotriangles by a Sucrose Density Gradient Centrifugation
Nanotriangles in the reaction mixture were fractionated by sucrose density gradient centrifugation. A centrifuge tube was first prepared by successive additions of 1 mL volumes of sucrose aqueous solutions starting from a concentration of 100% (w/v) at the bottom and decreasing in steps of 10% upwards. One milliliter of the reaction mixture was added at the top of the sucrose density gradient, and the separation was promoted by gentle centrifugation (6000 g, 30 min). After centrifugation, nanoparticle fractions were collected by carefully pipetting out volumes of 200 µL from the centrifuge tube along the established gradient profile.
Gold Coating of Silver Nanotriangles
The gold coating protocol used here was adapted from Ref. [28] with the aim of minimizing the formation of gold nanoparticles. For this procedure, selected fractions of silver nanotriangles were first combined to give three samples: Ag-1 (F2, F3, F4), Ag-2 (F6, F7, F8), and Ag-3 (F9, F10). After gold coating, these were labeled Ag@Au-1 to 3, respectively. A growth solution (4.72 mL ultrapure H 2 O, 20 µL of 0.25 M HAuCl 4 , 240 µL of 0.2 M NaOH, 3 mL of 0.01 M Na 2 SO 3 ) was prepared beforehand and incubated overnight at room temperature (RT). Afterwards, 500 µL of silver nanotriangles solution were added to a solution containing 637.5 µL of ultrapure H 2 O, 250 µL of 5% (w/w) PVP, 50 µL of 0.5 M ascorbic acid, 50 µL of 0.5 M NaOH, 12.5 µL of 0.1 M Na 2 SO 3 , and 1 mL of growth solution. The mixture was kept under stirring at RT for 10 h. The resulting nanoparticles were then centrifuged at 6000 g for 30 min.
Functionalization with Atto-655 Labeled Oligonucleotide
The plasmophores were prepared by incubating 50 µL of gold-coated silver nanotriangles with 250 nM of the thiolated oligonucleotides labeled with Atto-655 in 10 mM of cetyltrimethylammonium bromide (CTAB) during 1 hr at RT. The resulting particles were centrifuged 3 times at 6000 g for 15 min against a solution of 1 mM CTAB.
Equipment
Extinction spectra were measured with an UV/Vis spectrophotometer from PerkinElmer, model Lambda 35. Corrected fluorescence emission spectra were recorded with a FluoroLog-3 spectrofluorimeter (Horiba Jobin Yvon, Tokyo, Japan). Scanning transmission electron microscopy (STEM) measurements were performed on a TEM/STEM Hitachi microscope model HD2700 operating at 200 kV, equipped with EDS and HAADF detector. Fluorescence correlation spectroscopy (FCS) measurements were performed on a time-resolved confocal fluorescence microscope (MicroTime 200, PicoQuant GmbH, Berlin, Germany). The microscope setup details were previously described [29] . Briefly, the excitation source is a pulsed diode laser emitting at 639 nm with a repetition rate set to 20 MHz. The excitation light is coupled into an inverted microscope (Olympus IX 71) through a water immersion objective (UPLSAPO 60×, N.A. 1.2, Olympus, Tokyo, Japan) and the emitted light is collected in the reverse pathway and is cleaned by an emission filter (Chroma 695AF55 with a transmission window of 668-723 nm) and a 50 µm pinhole that rejects out-of-focus light. Then, the re-collimated beam is divided by means of a 50/50 polarizing beam splitter cube and is detected by two single-photon avalanche diode detectors (SPAD, SPCM-AQR-13, Perkin Elmer, Waltham, MA, 
Details of DDA Simulations
The method of discrete dipole approximation (DDA) was used to calculate the near-field enhancement in gold-coated silver nanotriangles [30] . The particle geometry used was a triangle of equal sides for the silver core covered in every surface by a gold shell with truncated tips. The triangle's side and height were 70 and 30 nm, respectively, with a shell thickness of 2 nm. The particle volume was discretized as an array of point dipoles centered in cubic volume elements with size of 0.5 nm. The dielectric function of silver and gold used in these calculations are those reported in references [31, 32] , respectively. The values of dielectric function were divided by the dielectric constant of water to simulate the surrounding environment. The near-field intensity maps were calculated using the subroutine implemented in the ADDA software package [33] .
Results and Discussion
At the beginning of this work, our motivation was to evaluate the performance of silver nanotriangles as plasmonic nanoantennas for fluorescence enhancement. However, the preparation of silver nanotriangles, even if performed by a single-step well-established procedure, is very dependent on the reagents' quality, such as hydrogen peroxide, which is unstable. This aspect can decrease reproducibility and make long-time studies difficult, for which a different synthesis has to be developed. Thus, we believe that a good separation method affording particles with consistent optical properties is important. The silver nanoparticles are easy to prepare, as indicated by the blue color that is promptly observed in the solution, but the resulting samples were too heterogeneous, as inferred from their broad extinction spectrum. With this in mind, we have decided to use density gradient centrifugation (DGC), a procedure well-established in biological sciences, to separate the resulting nanoparticles by size, which could lead to narrower optical spectra due to an improved sample homogeneity. The fractionation of the nanotriangle population synthesized was performed by adding the reaction mixture onto the top layer of a sucrose density gradient prepared in a 15 mL centrifuge tube. The centrifugation promotes particle sedimentation under the effect of opposing centrifugal and buoyancy forces. This results in the distribution of nanoparticles according to their size and shape across the density gradient. Fractions of particles of different sizes can then be obtained by collecting volumes along the centrifuge tube (Figure 1a) .
Comparing the extinction spectrum of the original mixture with the spectra of separated fractions (Figure 1b) , it is possible to judge that particle fractionation using DGC was successful. The original mixture displays a broad spectrum that spans a wide wavelength range from 500 to 900 nm. On the other hand, the separated fractions have much narrower spectra, and with increasing particle size, there is a gradual red-shift of the plasmon resonance peak. In the latter spectra, it also becomes possible to distinguish a smaller band or shoulder at lower wavelengths (ca. 450 nm), which is expected for the transverse plasmon mode that is excited perpendicularly to the particle's plane. The in-plane longitudinal modes are responsible for the strong plasmon resonance peak that red-shifts with increasing particle fraction. Although an overall increase of particle size may induce a red shift in the plasmon resonance through the contribution of multipolar modes, it seems more likely that the wide range of peak shifts observed here result from an increase of the particle's aspect ratio. This outcome from particle selection by DGC provides a way to tune the surface plasmon resonance to match different dyes across the red to infrared range when developing plasmophores.
Following fractionation, we selected and pooled particle fractions of silver nanotriangles with plasmon resonance peaks at around 550 nm (Ag-1), 620 nm (Ag-2), and 670 nm (Ag-3) that afford a good degree of spectral overlap with the absorption and emission from the Atto-655 dye. The silver nanotriangles in these pooled fractions (Ag-1 to 3) were then coated with a thin gold shell to improve their chemical stability (Figure 2a ), yielding fractions Ag@Au-1 to 3. Indeed, the gold coating rendered these particles resistant to oxidation by hydrogen peroxide ( Figure S1 of Supplementary Materials). The morphology of the gold-coated particles was characterized by STEM measurements (Figure 2b-d) . After gold coating, these images show nanoprisms of triangular shape with truncated tips. The presence of an outer layer of gold surrounding the silver particle core was confirmed by HAADF images and elemental mapping using EDX analysis (Figure 2e ). The selection of particle fractions by DGC was also correlated with an increase of the particle size along the density gradient (Table S1 of Supplementary Materials). The extinction spectra of samples Ag-1 to 3 also changed slightly upon gold coating by becoming narrower and with closer peak wavelengths (Figure 2f,g ). The growth of a gold shell on silver nanotriangles commonly induces a red-shift of the longitudinal plasmon [28, 34] , but the spectral changes observed here may have also resulted from additional washing steps by centrifugation. The spectral narrowing observed in the gold-coated particles is nonetheless a beneficial feature for plasmonic applications. Following fractionation, we selected and pooled particle fractions of silver nanotriangles with plasmon resonance peaks at around 550 nm (Ag-1), 620 nm (Ag-2), and 670 nm (Ag-3) that afford a good degree of spectral overlap with the absorption and emission from the Atto-655 dye. The silver nanotriangles in these pooled fractions (Ag-1 to 3) were then coated with a thin gold shell to improve their chemical stability (Figure 2a) , yielding fractions Ag@Au-1 to 3. Indeed, the gold coating rendered these particles resistant to oxidation by hydrogen peroxide ( Figure S1 of Supplementary Materials). The morphology of the gold-coated particles was characterized by STEM measurements (Figure 2b-d) . After gold coating, these images show nanoprisms of triangular shape with truncated tips. The presence of an outer layer of gold surrounding the silver particle core was confirmed by HAADF images and elemental mapping using EDX analysis (Figure 2e ). The selection of particle fractions by DGC was also correlated with an increase of the particle size along the density gradient (Table S1 of Supplementary Materials). The extinction spectra of samples Ag-1 to 3 also changed slightly upon gold coating by becoming narrower and with closer peak wavelengths (Figure 2f,g ). The growth of a gold shell on silver nanotriangles commonly induces a red-shift of the longitudinal plasmon [28, 34] , but the spectral changes observed here may have also resulted from additional washing steps by centrifugation. The spectral narrowing observed in the gold-coated particles is nonetheless a beneficial feature for plasmonic applications.
After successfully obtaining Ag@Au nanoparticles, we tried to evaluate their ability to integrate a plasmophore. The assembly of dye-particle plasmophores from the selected silver nanotriangles After successfully obtaining Ag@Au nanoparticles, we tried to evaluate their ability to integrate a plasmophore. The assembly of dye-particle plasmophores from the selected silver nanotriangles coated with gold (Ag@Au-1 to 3) was accomplished by conjugation of Atto-655 dye-labeled oligonucleotides onto these particles. The oligonucleotide sequence is modified at the 3 -end with a thiol group to bind the metal surface, while the Atto-655 dye is attached at the 5 -end. The estimated end-to-end distance of the oligonucleotide spacer is approximately 4.3 nm, but the actual distance is smaller due to the conformational freedom of the single strand [29] . The functionalization was performed under an excess of dye-labeled oligonucleotides and in the presence of CTAB surfactant. The use of CTAB surfactant is a well-established strategy to promote tip-selective functionalization of gold nanorods [35] . This tip-preference in the presence of CTAB is attributed to a protective role of the surfactant bilayer on the rods' surface that directs thiol attachment to more sparse regions at the tips. Some evidence that a similar effect of edge-selective thiol attachment could take place for other particle shapes has been reported in the literature [36, 37] . For the dye-particle assembly sought in this work, it would be clearly beneficial to attach the dye-labeled oligonucleotides preferentially at the apex regions of the Ag@Au nanotriangles, which are hot-spots for plasmon-enhanced fluorescence emission. The extinction spectra of Ag@Au-1 to 3 samples after functionalization with the dye-labeled oligonucleotides display a slight blue shift of the longitudinal surface plasmon band (inset of Figure 2g ). The partial replacement of CTAB molecules with oligonucleotide strands upon functionalization of the Ag@Au particles may have induced a change in the local refraction index, which would explain the plasmon peak shift, but we cannot exclude additional effects on the particle's size distribution from washing by centrifugation. 35] . This tip-preference in the presence of CTAB is attributed to a protective role of the surfactant bilayer on the rods' surface that directs thiol attachment to more sparse regions at the tips. Some evidence that a similar effect of edge-selective thiol attachment could take place for other particle shapes has been reported in the literature [36, 37] . For the dye-particle assembly sought in this work, it would be clearly beneficial to attach the dye-labeled oligonucleotides preferentially at the apex regions of the Ag@Au nanotriangles, which are hot-spots for plasmon-enhanced fluorescence emission. The extinction spectra of Ag@Au-1 to 3 samples after functionalization with the dye-labeled oligonucleotides display a slight blue shift of the longitudinal surface plasmon band (inset of Figure 2g ). The partial replacement of CTAB molecules with oligonucleotide strands upon functionalization of the Ag@Au particles may have induced a change in the local refraction index, which would explain the plasmon peak shift, but we cannot exclude additional effects on the particle's size distribution from washing by centrifugation. An approximated view of the plasmon hot-spots on the Ag@Au nanotriangles was obtained from model simulations using discrete dipole approximation. The geometry described in the literature for these particles is that of a triangular shape with truncated apexes, which is claimed to provide six hot-spots at each one of its sharp edges (Figure 3a) [28, 38] . The calculated near field maps show that the distribution of the plasmon field is indeed concentrated at the triangle's apexes for the in-plane longitudinal modes (Figure 3b,c) . For an excitation wavelength of 639 nm used in the FCS measurements, the near field enhancement factors are above 1000-fold in the close proximity of the apexes aligned with the incident field direction. Moreover, the plasmon field extends with enhancement factors of at least 100-fold over a circular region that comprises a significant part of the triangle's side edges. In the perpendicular direction to the triangle's plane, the plasmon field at the apexes gets up to factors of 600-fold enhancement, even if the transverse mode is far from resonance at this excitation wavelength (Figure 3d ). The near field enhancement factors obtained in these simulations are promising for the purpose of plasmon-enhanced fluorescence emission. These factors can be used to estimate the acceleration of the dye's excitation rate on the particle's vicinity. A full theoretical analysis would imply also simulating the particle's effect on the radiative and non-radiative decay rates in order to estimate the dye-particle emission quantum yield. For a bright dye such as Atto-655, most likely it will not have much implication in the upper limit of the enhancement effect, but it could be important to map surface regions where quenching prevails. It is for this reason that site-selective approaches for dye attachment at the plasmon hot-spots are important for maximizing emission enhancement toward strongly emitting plasmophores. elemental analysis mapping obtained by EDX of the gold-coated silver nanotriangles in sample Ag@Au-S1 (green and red represents silver and gold, respectively). The scale bar corresponds to 80 nm for all images shown here. (f) Normalized extinction spectra of silver nanotriangle samples Ag-1 to 3; (g) normalized extinction spectra of gold-coated silver nanotriangle samples Ag@Au-1 to 3. The inset shows the peak shift of the longitudinal surface plasmon upon functionalization with dyelabeled oligonucleotides (dashed lines).
An approximated view of the plasmon hot-spots on the Ag@Au nanotriangles was obtained from model simulations using discrete dipole approximation. The geometry described in the literature for these particles is that of a triangular shape with truncated apexes, which is claimed to provide six hot-spots at each one of its sharp edges (Figure 3a) [28, 38] . The calculated near field maps show that the distribution of the plasmon field is indeed concentrated at the triangle's apexes for the in-plane longitudinal modes (Figure 3b,c) . For an excitation wavelength of 639 nm used in the FCS measurements, the near field enhancement factors are above 1000-fold in the close proximity of the apexes aligned with the incident field direction. Moreover, the plasmon field extends with enhancement factors of at least 100-fold over a circular region that comprises a significant part of the triangle's side edges. In the perpendicular direction to the triangle's plane, the plasmon field at the apexes gets up to factors of 600-fold enhancement, even if the transverse mode is far from resonance at this excitation wavelength (Figure 3d ). The near field enhancement factors obtained in these simulations are promising for the purpose of plasmon-enhanced fluorescence emission. These factors can be used to estimate the acceleration of the dye's excitation rate on the particle's vicinity. A full theoretical analysis would imply also simulating the particle's effect on the radiative and nonradiative decay rates in order to estimate the dye-particle emission quantum yield. For a bright dye such as Atto-655, most likely it will not have much implication in the upper limit of the enhancement effect, but it could be important to map surface regions where quenching prevails. It is for this reason that site-selective approaches for dye attachment at the plasmon hot-spots are important for maximizing emission enhancement toward strongly emitting plasmophores. The emission properties of the nanotriangle samples Ag@Au-1 to 3 conjugated to Atto-655 labeled oligonucleotides, hereafter termed plasmophores PPh-1 to 3, were characterized by FCS measurements. The intensity time traces were measured in dilute suspensions for single-particle detection and show intense fluorescence burst events that reach up to hundreds of counts/ms for a low excitation power of 0.044 kW/cm 2 (Figure 4a ). Under the same conditions, the emission from the original (non-functionalized) Ag@Au nanotriangles, as well as the emission from single Atto-655 dye molecules, is negligible. The conjugation of Atto-655 dye onto Ag@Au nanotriangles resulted in nanohybrid assemblies with single object brightness much larger than their individual components. The auto-correlation function (ACF) was obtained from each intensity trace of PPh-1 to 3 (Figure 4b ). The ACF curves show two relaxation components with characteristic times of ca. 40-50 µs and 7-8 ms that were attributed to the rotational and translational Brownian motion of the dye-particle across the confocal volume. A similar behavior of the FCS correlation curves has been previously reported for the emission of dimeric gold nanoparticles conjugated to Atto-647N dye [39] . The ACF's from PPh-1 to 3 were fitted with a two-component model for describing rotational and translational diffusion of the dye-particle assemblies:
in which τ is the lag time, A s is the amplitude of the rotational correlation, t s is the rotational diffusion time, N is the number of emitters in the detection volume, t d is the transverse translational diffusion time, and κ is the ratio between the longitudinal and transverse dimensions of the detection volume. The size parameters of the detection volume were calibrated using free Atto-655 in aqueous solution as a reference dye. Using these parameters, the translational diffusion coefficients determined for PPh-1 to 3 were 8.3, 7.6, and 7.0 µm 2 /s, which, from the Stokes-Einstein equation, gave approximate values of hydrodynamic radius of 28, 30, and 33 nm, respectively. The trend observed in these results is in qualitative agreement with the density gradient selection of silver nanotriangles used for assembling PPh-1 to 3 plasmophores. However, the differences observed in diffusion coefficients are close to the experimental uncertainty typically associated with FCS measurements. molecules have been displaced from the particles' surface into solution by ligand replacement with 2-mercaptoethanol and separated by centrifugation [42] . This comparison is based on the average emission from the ensemble of dye molecules and, thus, it is not biased by crowding of dye molecules on the Ag@Au nanoparticles, as it happens in the comparison of the emission brightness of a single particle versus that of a single dye molecule ( Figure S3 of Supplementary Materials). The results show that, on average, the fluorescence emission of plasmophore PPh-3 is about three-fold more intense than that of its displaced dye, which supports the postulation that Ag@Au nanoparticles have indeed an enhancement effect on Atto-655′s emission in the dye-particle plasmophores. A detailed analysis on the spatial distribution of plasmon-coupled fluorescence is beyond the scope of this work, but recent studies using super-resolution fluorescence microscopy have contributed with valuable insights in this regard [43] [44] [45] [46] [47] . Further studies on the plasmophores demonstrated here will focus on tuning the gold nanoshell thickness and the dye labeling density. It would also be interesting to study Ag@Au nanotriangles with longitudinal plasmon resonances mismatched relatively to the dye's optical spectrum for decoupling the effects of plasmon-enhanced emission and local dye concentration. 
Conclusions
In this work, we have demonstrated a simple method for the size selection of silver nanotriangles using density gradient centrifugation (DGC) in aqueous sucrose solutions. This method made it possible to resolve a nanotriangle mixture characterized by broad extinction spectrum into twelve The average number N of emitters determined from ACF fittings were 0.39, 0.49, and 0.47 for PPh-1 to 3, respectively. The curves shown in Figure 4b were rescaled by these factors in order to visually compare the correlation decays of PPh-1 to 3. Furthermore, the individual brightness (I 1 ) of each dye-particle assembly was estimated by dividing the average emission intensity of the respective time trace by the number N of emitters (Figure 4c) . The values of I 1 obtained for three excitation powers show a proportional increase from approximately 1 to 100 count/ms for the average emission of an individual object. The brightness of a single dye-labeled oligonucleotide was evaluated to be 0.039 count/ms for an excitation power of 0.443 kW/cm 2 . These results correspond to ratios of 1900-, 2870-, and 3400-fold in the individual brightness of PPh-1 to 3 relative to that of the single dye-labeled oligonucleotide. The remarkable brightness of PPh-1 to 3 is most likely due to the ability of Ag@Au nanotriangles to carry multiple dye-labeled oligonucleotides on its nanometric sized surface combined with the antenna effect on the dye's emission at the hot-spots of these plasmonic particles. In multi-chromophore systems, the contributions of local dye concentration and that of plasmon-coupled emission are strongly convoluted in the average brightness measured. The spatial distribution of plasmon-coupled emission over the particle's surface creates a very heterogeneous picture where strong fluorescence enhancement at the plasmon hot-spots is counter-balanced by emission quenching on other surface regions [40, 41] . We have compared the emission from plasmophore PPh-3 measured in steady-state with that of the same sample after its dye molecules have been displaced from the particles' surface into solution by ligand replacement with 2-mercaptoethanol and separated by centrifugation [42] . This comparison is based on the average emission from the ensemble of dye molecules and, thus, it is not biased by crowding of dye molecules on the Ag@Au nanoparticles, as it happens in the comparison of the emission brightness of a single particle versus that of a single dye molecule ( Figure S3 of Supplementary Materials). The results show that, on average, the fluorescence emission of plasmophore PPh-3 is about three-fold more intense than that of its displaced dye, which supports the postulation that Ag@Au nanoparticles have indeed an enhancement effect on Atto-655 s emission in the dye-particle plasmophores. A detailed analysis on the spatial distribution of plasmon-coupled fluorescence is beyond the scope of this work, but recent studies using super-resolution fluorescence microscopy have contributed with valuable insights in this regard [43] [44] [45] [46] [47] . Further studies on the plasmophores demonstrated here will focus on tuning the gold nanoshell thickness and the dye labeling density. It would also be interesting to study Ag@Au nanotriangles with longitudinal plasmon resonances mismatched relatively to the dye's optical spectrum for decoupling the effects of plasmon-enhanced emission and local dye concentration.
In this work, we have demonstrated a simple method for the size selection of silver nanotriangles using density gradient centrifugation (DGC) in aqueous sucrose solutions. This method made it possible to resolve a nanotriangle mixture characterized by broad extinction spectrum into twelve particle fractions displaying spectra with narrow plasmon resonances that span the red to infrared wavelength ranges. This very selective separation provides a way to tune the surface plasmon resonance for further applications. We have exemplified this possibility by selecting silver nanotriangles with plasmon resonances that overlap with Atto-655 dye's absorption and emission in order to produce dye-particle plasmophores. The emission from these plasmophores, as characterized by FCS measurements, is higher by more than 1000-fold when compared to the emission from a single dye-labeled oligonucleotide. The remarkable brightness of the assembled plasmophores renders these as promising platforms for the development of fluorescence-based sensing schemes, in view of the large fluorescence signals that can be achieved from a single nano-object. 
